Heterozygous mutations in the homeobox gene, PITX2 result in ocular anterior segment defects and a high incidence of early onset glaucoma. Pitx2 is expressed in both the neural crest and mesoderm-derived precursors of the periocular mesenchyme. Complete loss of function in mice results in agenesis or severe disruption of periocular mesenchyme structures, and extrinsic defects in early optic nerve development. However, the specific requirements for Pitx2 in neural crest versus mesoderm could not be determined using these mice and only roles in the initial stages of eye development could be assessed due to early embryonic lethality. To determine the specific roles of Pitx2 in the neural crest precursor pool, we generated neural crest specific Pitx2 knockout mice (Pitx2-ncko). Because Pitx2-nkco mice are viable, we also analyzed gene function in later eye development. Pitx2 is intrinsically required in neural crest for specification of corneal endothelium, corneal stroma, and the sclera. Pitx2 function in neural crest is also required for normal development of ocular blood vessels. Pitx2-ncko mice exhibit a unique optic nerve phenotype in which the eyes are progressively displaced towards the midline until they are directly attached to the ventral hypothalamus. Since Pitx2 is not expressed in the optic stalk, an essential function of PITX2 protein in neural crest is to regulate an extrinsic factor(s) required for development of the optic nerve. We propose a revised model of optic nerve development and new mechanisms that may underlie the etiology of glaucoma in Axenfeld-Reiger patients.
INTRODUCTION
Glaucoma is a constellation of disease processes that result in vision loss due changes in the optic nerve head and accompanying death of retinal ganglion cells.
Glaucoma often occurs in association with elevated intraocular pressure (IOP) due to physical or functional changes within the anterior segment of the eye, but its relationship to IOP is not absolute. The most common form of glaucoma in the United States is primary open angle glaucoma, in which elevated IOP is associated with optic nerve damage. In contrast, the most common form in Japan is normal tension glaucoma, in which IOP is unchanged, but optic nerve damage is associated with defects in blood flow (1) . Additionally, elevated IOP does not always lead to glaucoma (2) . The underlying molecular mechanisms leading to initiation and progression of most forms of glaucoma are largely unknown.
Developmental glaucomas provide a unique entry into studying the disease; patients generally develop more severe glaucoma at younger ages, which facilitates the mapping of gene loci. In cases in which genetic mutations are identified, the study of animal models is possible. Heterozygous mutations in the human homeobox gene, PITX2, underlie Axenfeld-Rieger Syndrome (ARS) in the subset of patients mapping to chromosome 4q25 (3) . This autosomal-dominant condition results in developmental defects within the ocular anterior segment in structures derived from the periocular mesenchyme, including the cornea, iris and outflow tract (3) (4) (5) (6) (7) . In addition, 50% of affected individuals develop early onset glaucoma. PITX2 encodes a homeodomain transcription factor that regulates expression of downstream target genes (8) (9) (10) (11) (12) (13) (14) (15) . optic cup, optic stalk, and lens interact with both precursor pools early in eye development. We recently used binary transgenic systems to establish that neural crest and mesoderm fates in mice are similar to those in chick but there is a greater contribution of mesoderm to anterior segment structures, including the corneal endothelium and stroma. Interestingly, Pitx2 is expressed in both neural crest and mesoderm precursors beginning early in eye development (22) . Collectively, these data indicate that the ocular defects of the global Pitx2 knockout mice could arise from a requirement for Pitx2 function in neural crest or mesoderm, or both. The neural crest precursors are of particular interest because it has been suggested that deficiencies in neural crest function underlie many human anterior segment disorders (32).
To determine the role of Pitx2 in the neural crest lineage of the ocular mesenchyme, we created a neural crest specific knockout of Pitx2 (Pitx2-ncko) by mating mice carrying the Pitx2 flox allele to mice carrying a Cre transgene driven by the Wnt1 promoter (33). Studying these mice enabled us to determine the roles of Pitx2 expression in the neural crest during early eye development. In addition, post-natal survival of Pitx2-ncko mice allowed identification of novel requirements for Pitx2 function in the later stages of eye development. We discovered defects in both the mesenchymal tissues that normally express Pitx2, as well as in neural tissues that do not, demonstrating that
Pitx2 expression in the neural crest cells has both intrinsic and extrinsic functions. Based on the data, we propose a new model for development of the optic nerve from the optic stalk and new mechanisms that may contribute to the etiology of glaucoma in ARS.
RESULTS

Tissue-specific targeting of Pitx2 in neural crest
We previously described generation of a conditional Pitx2 allele (Pitx2 flox ) by introduction of loxP sites into introns flanking exon 5, which encodes the homeodomain essential for DNA binding and protein function (25) . We included the R26R Cre reporter allele in our crosses so that we could readily detect cells in which Cre-mediated excision occurred (34). To obtain neural crest specific Pitx2 knockout mice (Pitx2-ncko), mice Wnt1-Cre is active by e8.5 in the pre-migratory neural crest (33, 35), two days before the expression of Pitx2 in the ocular neural crest at day e10.5 (36), thereby allowing sufficient time for efficient conversion of Pitx2 flox to the null allele. Wnt1-Cre has also been used successfully to study the role of β-catenin in the craniofacial neural crest (37).
In our current experiments, excision of the homeodomain results in conversion of the fully functional Pitx2 flox to the non-functional Pitx2 null allele in the cells expressing Wnt1-Cre, creating pups that are homozygous null for Pitx2 in the neural crest population, but heterozygous elsewhere. Control and experimental mice were identified by PCR-based genotyping. In order to confirm that expression of Wnt1-Cre resulted in specific and efficient silencing of Pitx2 in neural crest, sections from control and Pitx2-ncko embryo were co-immunostained for β-gal, to detect marked neural crest, and PITX2. In control embryos at e12.5, PITX2 is expressed in both neural crest and mesoderm surrounding the eye primordia ( Figure 1A , C, E). In contrast, in Pitx2-ncko embryos, PITX2 expression is observed only in mesoderm, even though neural crest cells are present ( Figure 1B , D, F). These results establish that Cre-mediated excision of Pitx2 was highly efficient and specific for neural crest in the mutant embryos. In mice that were identified as mutants, twenty of twenty-two mice examined exhibited the consistent mutant phenotype described below. The remaining two mice had one mutant eye and one eye with similar but less severe defects. These observations confirm that the Pitx2-ncko phenotype is highly consistent and fully penetrant. In contrast to global Pitx2 knock out animals, Pitx2-ncko mice are viable and survive at least until weaning, suggesting that Pitx2 function in neural crest is not strictly required for development of the cardiovascular system or other essential organs (data not shown).
Pitx2-ncko mice are clinically anophthalmic
To examine the cumulative phenotype, as well as to gain insight into the role of Defects in Pitx2-ncko eye primordial begin at e11.5
To identify the origins of the accumulated eye defects, we examined Pitx2-ncko mice beginning at e10.5, when Pitx2 expression is initially activated in the ocular neural crest. Control and mutant mice are indistinguishable at this time point ( Figure 3A , E). At e10.5, the optic stalk in both control and mutant eyes consists of a 10-12 cell thick neuroblastic cell layer. By e11.5 in control eyes, the optic stalk has begun to extend and thin, reflecting the increased distance between the optic cup and the ventral diencephalon ( Figure 3B ). By e12.5, the wild type stalk consists of a 1-2 cell thick neural epithelium and the distance between optic cup and brain is further increased ( Figure 3C ). In contrast, the optic stalk in Pitx2-ncko mice remains a thick, neuroblastic structure throughout development and does not extend laterally, but remains very short ( Figure 3F , G). The mutant eyes remain closely associated with the ventral diencephalon and become directly attached to the diencephalon by e14.5 ( Figure 5F ). There is also increased distance between the optic cup and the surface ectoderm as the head grows rapidly in size during this period ( Figure 3F , G). We examined markers of cell proliferation (Ki67 and phospho-Histone H3) and apoptosis (TUNEL) but did not find any changes that could account for the optic stalk phenotype (data not shown).
Defects in development of structures derived from periocular mesenchyme are also apparent in Pitx2-ncko eyes by e11.5. In wild type eyes, neural crest and mesoderm cells migrate into the anterior segment beneath the surface ectoderm immediately after formation of the lens vesicle ( Figure 3B , (22)). By e12.5, compaction of the mesenchyme to form the corneal endothelium is evident, and by e16.5 the corneal stroma is also present (Figure 3C,D) . In Pitx2-ncko eyes, mesenchyme is present within the anterior segment by e11.5 ( Figure 3F ). However, the mesenchymal layer is noticeably 
Loss of Pitx2 in the neural crest lineage results in severe optic nerve defects
The optic nerve defects in the Pitx2-ncko mice are striking, and to our knowledge unique, so we pursued the underlying molecular aspects further. Based on the early and severe optic stalk phenotype in the Pitx2-ncko mice, we considered the possibility that the optic stalk was never specified properly. To test this hypothesis, we examined the expression of Pax2, an early marker for optic stalk specification that is also required for its normal development (50-52). We found PAX2 protein is expressed in the optic stalk of both control and mutant animals at e12.5, establishing that a lack of initial specification cannot account for the optic stalk defects in Pitx2-ncko mice ( Figure 6A , B).
Consistent with previous reports, PAX2 expression in control eyes at e12.5 is limited to the optic stalk and does not enter the optic cup ( Figure 6A 
RPE development is disrupted in Pitx2-ncko eyes
Shortly after the optic vesicle invaginates to form the optic cup, signals from the periocular mesenchyme specify the outer layer of the optic cup as the RPE (59). This initial specification appears to occur normally in Pitx2-ncko mice, since the mutant RPE is indistinguishable from the control in both morphology and gene expression at e10.5
( Figure 7 A, B; data not shown). However, the progressive loss of pigment beginning at e12.5 suggests that subsequent expansion or maintenance of the RPE is blocked in the mutant eyes ( Figure 7C -J). PAX2 is known to inhibit the expression of Pax6 as the boundary is established between the PAX2-expressing optic stalk and the PAX6-expressing RPE layer (60). PAX6 is subsequently required to activate expression of the downstream transcription factor Mitf, which is required for RPE specification (61) (62) (63) (64) (65) .
Otx1 and Otx2 also encode transcription factors required for RPE specification, but their expression does not depend on Pax6 (66) (67) (68) . We hypothesized that suppression of RPEspecifying genes, including Pax6, Mitf, and Otx2, may account for the progressive block in RPE differentiation or expansion in Pitx2-ncko eyes. At e10. 
DISCUSSION
Sophisticated experimental genetics in mice provides a powerful approach for understanding human development and disease by allowing for precise molecular, cellular, and temporal dissection of gene function. Tissue-specific knockouts can be particularly useful when trying to understand the function of a gene that is expressed in multiple precursor pools in developing organs. In the present study, we used conditional targeting to determine the processes in early eye development that require function of the homeobox gene, Pitx2, in the neural crest. We also identified critical new roles for Pitx2 in later eye development, which was previously impossible to study due to the embryonic death of Pitx2 global knockout mice. Furthermore, we propose two potential mechanisms for the early development of glaucoma in human PITX2 patients and identify a previously unrecognized regulatory pathway in optic nerve development that may have implications for other eye diseases.
Intrinsic requirements for Pitx2 in tissues derived from the periocular mesenchyme
Given the corneal defects seen in Axenfeld-Rieger syndrome patients with PITX2 mutations (69), Pitx2 was predicted to play an important role in cornea development. The global Pitx2 knockout mice lack a corneal endothelium and corneal stroma, confirming an essential role for the gene in corneal development (24, 25, 27) . Based on our current results, specification of corneal endothelium and stroma requires Pitx2 function in neural crest precursors, which are the primary contributors to these tissues (22) . Pitx2 is also expressed in the subset of mesoderm cells that contribute to the cornea, but this small number of cells is not able to rescue corneal formation in Pitx2-ncko mice (22) . Although the phenotype of global Pitx2 knockout mice suggested the mutant anterior segment was hypercellular (24, 25, 27) , we are unable to find evidence of increased proliferation in the periocular mesenchyme of Pitx2 mutant mice (data not shown). Thus, the thickened appearance of the presumptive cornea is likely secondary to the displacement of the optic cup.
Cornea differentiation requires inductive signals from the lens (70, 71) , and lens defects result in cornea defects in human disease (72) (73) (74) (75) Scleral agenesis is a second example of an intrinsic defect in the Pitx2-ncko eye.
The sclera, the white outermost coat of the eye, is derived from the neural crest lineage of the periocular mesenchyme, which expresses Pitx2 (22) . While signals from the RPE have been shown to induce sclera formation, only part of the RPE is disrupted in the Pitx2-ncko eye (76) . Since the sclera is completely absent in the Pitx2-ncko mice, we conclude that Pitx2 expression is required for neural crest cells to adopt scleral fates.
Pitx2 may confer competence on neural crest cells to respond to the signals from the RPE. Currently, little is known about the development of the sclera; our data provide the first clues about its genetic origins. Recent data about the causes of nanophthalmos
(extreme hyperopia) demonstrate that scleral development is involved in controlling the shape of the eye, which is critical given the precise optics required for vision (77) . Expression of Pitx2 is not required for the adoption of all neural crest fates in the developing eye. Although we cannot exclude the possibility of subtle defects, the expression of the muscle specification genes, myogenin and Pitx1, and the differentiated muscle marker, myosin heavy chain, in the muscle primordia indicate muscle formation is relatively normal in Pitx2-ncko mice. Neural crest cells are present in the extraocular muscles of mutant eyes (data not shown), where they form the connective fascia and satellite cells (22) . Therefore, we conclude that Pitx2 expression in neural crest cells is not required for extraocular muscle formation. Since extraocular muscles are completely lost in the global Pitx2 null mice, this implies that the expression of Pitx2 in the mesodermal lineage is required for extraocular muscle formation, a hypothesis that could be tested in mesoderm-specific Pitx2 knockout mice.
Extrinsic Effects on Neural Ectoderm
Our results have identified a previously unknown role for Pitx2 function in the neural crest during optic stalk development. One of the ongoing processes of early eye development is the partitioning of the neural ectoderm-derived optic vesicle into the regions that will form the optic stalk, neural retina and RPE by signaling, gene activation and gene repression. In Pitx2-ncko mice, early partitioning of the optic vesicle occurs normally but subsequent morphogenesis of the optic stalk is abnormal. This results in a foreshortened optic stalk and eyes that are displaced towards the midline. Although the end phenotype superficially resembles cyclopia, the presence of two eye fields and absence of other midline defects allowed us to rule out this line of inquiry. Since Pitx2 is never expressed in the optic stalk, this indicates that the defect in optic stalk development is extrinsic (non-cell autonomous). Pitx2 expression in the neural crest mesenchyme must be activating an extracellular signal that is required for optic stalk development. The periocular mesenchyme is known to signal other tissues of the eye. For example, an activin-like signal from the mesenchyme is required to define the RPE, and FGF10 and BMP7 cause the development and morphogenesis of the lacrimal gland from the surface ectoderm (59, 80-82). Our finding that the Pitx2-dependent signaling function is localized to the neural crest component of the mesenchyme raises the possibility that it acts as a form of signaling center.
Our current data support a two step model for optic stalk development (Figure 8 ).
During the initial formation of the eye beginning at e8. and Vax1 ( Figure 6 ). Later, beginning at e10.5, Pitx2 expression in the periocular mesenchyme activates signals that cause the morphogenetic extension of the optic stalk.
This step fails to occur in Pitx2-ncko mice, resulting in a foreshortened optic stalk. To our knowledge, this is the first example of the neural crest population patterning the neuroectoderm from which it is originally derived, which raises the possibility that this process occurs in other neural tube derivatives.
The progressive RPE defects we observed in the Pitx2-ncko eye are likely secondary to the defects in optic nerve development and the displacement of the eyes. 
Implications for Human Health
In all, our results suggest several new possible mechanisms by which early-onset glaucoma can occur in Axenfeld-Rieger syndrome patients with PITX2 mutations. It is widely assumed that these patients have anterior segment defects that cause increased intraocular pressure, which leads to the development of glaucoma relatively early in life Reduced ocular blood flow has long been associated with normal tension glaucoma (87) , and has also been proposed to contribute to other forms of glaucoma (88, 89) . Retinal blood vessel development cannot be critically assessed in Pitx2-ncko mice due the severely dysmorphic ocular growth. However, the clear defect in hyaloid vessel formation implies that normal retinal blood vessel development or function may also depend on PITX2 function in neural crest since the two vasculature systems are developmentally related (90) . The observed deficiency in astrocytes in Pitx2-ncko eyes provide additional evidence for defective retinal vessel development because astrocytes guide retinal vessel formation (91, 92) . It has not been clear whether defects in ocular blood flow are a cause or effect of glaucoma (93, 94) . Our results with Pitx2-ncko mice raise the possibility that PITX2 patients may have fewer ocular vessels, which would be another risk factor for developing glaucoma.
The pronounced internal displacement of the eyes in Pitx2-ncko mice is reminiscent of other human eye diseases, including anophthalmia and septo-optic dysplasia, and suggests potential underlying genetic mechanisms in these diseases.
Although we cannot formally exclude the possibility, it seems unlikely that mutations in PITX2 itself will be identified in these conditions since mice globally deficient in Pitx2 die during development (24) (25) (26) (27) . However, genes for the extrinsic signaling factor(s) regulated by PITX2 in neural crest or the downstream effectors in the neural epithelium are strong candidate genes for these diseases. (99) have been associated with anophthalmia, but the underlying genetic defects in many cases of anophthalmia remain to be identified. These genes are only expressed in the neural ectoderm and are associated with early defects in formation or survival of the optic vesicle (66, (100) (101) (102) (103) . Our work suggests that cases of clinical anophthalmia may be associated with genes expressed in the periocular mesenchyme as well. Mutations in HESX1 have been identified in septo-optic dysplasia, a disease which affects the midline structures of the brain and optic nerves (104) . Mice with mutations in Hesx1 have a "buried" eye phenotype which bears similarities to the phenotype described here (104) .
This suggests that Hesx1 may be part of the same pathway as Pitx2, thus it is possible that mutations in PITX2 or its downstream targets may underlie some cases of septo-optic dysplasia.
Our findings raise the possibility that these disorders may also result from defects occurring later in eye development and the underlying molecular defects could affect genes expressed in either the neural epithelium or the surrounding neural crest. These findings demonstrate that understanding the underlying genes and pathways is critical to understanding the disorders that result when development goes awry.
MATERIALS AND METHODS
Generation of neural crest-specific Pitx2 knockout mice
The generation of Pitx2 flox mice has been previously described (25) . Mice carrying the R26R Cre-reporter allele (34) were obtained from the Jackson Laboratories. ; R26R/R26R mice to generate timed pregnancies. The morning after mating was designated as embryonic day 0.5. Embryos were collected by C-section after euthanasia of the mother. The resulting embryos were genotyped for Cre (105) , and Pitx2 (25) using PCR-based methods.
Embryos with a Wnt1Cre; Pitx2 flox/-genotype were considered mutant, while
Wnt1Cre;Pitx2 flox/+ embryos were used as controls.
Histology
All embryos were fixed in 4% paraformaldehyde in PBS, washed, dehydrated, embedded in paraffin, and sectioned at 7 microns. Mounted sections for morphological analysis were dewaxed, rehydrated, and stained with hematoxylin and eosin. species-specific secondary antibodies. When biotinylated secondary antibodies were used, signals were detected using tyramide signal amplification kits (Molecular Probes).
Immunofluorescence
In Situ Hybridization
Antisense riboprobes to Otx2 (J. Rubenstein; (106)), Mitf (C. Hodgkinson; (107)), Vax1 (P. Mathers), and Shh (A. McMahon; (108)) were generated and labeled with digoxigenin according to standard procedures. Paraffin sections were processed for in situ hybridization as previously described (109) . All probes were incubated at 57°C. 
